Spontaneous IgM-mediated mesangioproliferative nephropathy was detected in 9 1 O/o of tamarins and marmosets over 6 months old. The disease remains silent for long periods but is progressive. It is responsible for, or is at least related to, the cause of death in 20% of animals. Morphological characteristics are those of mesangial hyperplasia accompanied by subacute to chronic interstitial inflammation. The immunopathological demonstration of early accumulation of IgM within the mesangial cells and matrix, followed by interstitial deposition of C3, suggests that the lesion is mediated by immunological mechanisms.
Inflammatory renal lesions are the most frequently encountered organic lesions in callithricids necropsied at the German Primate Center (GPC), although classical forms of glomerulonephritis are only rarely seen in these animals. The most conspicuous hallmarks of renal pathology in callithricids are bilateral corticomedullary or subcapsular interstitial focal cellular infiltrates of varying size, which are usually accompanied by more discrete nephronal damage. In most cases these renal lesions were incidental findings, but in approximately 20% of the cases, they were considered to be directly related to the animal's death. The purpose of this report is to further characterize the immunopathogenesis and morphologic expression of these lesions.
Materials and Methods
This study involved a retrospective study of formalin-fixed tissue from all callithricids necropsied at the German Primate Center (GPC) since 1973 and the prospective application of special techniques to renal tissues obtained from subsequent necropsies. The latter, therefore, comprised only a comparatively small sample size. All studies were restricted to animals over 6 months of age in order to avoid confusion with paranatal lesions.
Light microscopic characterization of renal lesions
Necropsy specimens from all organs, including kidneys and urinary bladders, had been routinely examined since 1973. They were fixed for 1 to 4 weeks in 10% neutral buffered formalin, embedded in paraffin (Paraplast @, Monoject Scientific Inc., Athy, CO; Kildare, Ireland), and 4-5-pm sections were stained with hematoxylin and eosin (HE) and Masson's trichrome. Sections fi-om the kidneys were additionally stained by the periodic acid-Schiff (PAS-McManus) technique.
Following the availability of low temperature plastication (TechnovitB, Kulzer & Co. GmbH, D-6393 Wehrheim, Germany), samples of formalin-fixed renal tissue were embedded in plastic, cut in 1-km sections, and stained with toluidine blue and Movat's silver technique. Other techniques were applied as required.
Immunohistology
Immunohistological methods (immunofluorescence and peroxidase-antiperoxidase [PAP] ) were technically available since 1986.
For immunofluorescence, fresh renal tissues were snapfrozen in liquid nitrogen; cryostate sections were prepared and stained directly with fluorescein isothiocynate (F1TC)labeled polyclonal rabbit-anti-human IgA-, IgM-, Clq-, C3-, and C4-antisera (Behringwerke, 3550 Marburg, Germany). According to results of pilot studies, all antisera except anti-IgG were diluted 1 : 50 and 1 : 100. Anti-IgG antisera were diluted 1 : 200 and 1 : 400 in order to avoid nonspecific staining.
PAP techniques were used in tissues fixed for 12 hr in 10% neutral buffered formalin followed by paraffin embedding and trypsinization. As reagents, anti-human IgA, IgG, and IgM staining kits (DAKO PAP-Kit TM-System" , Dakopatts, 2000 Hamburg, Germany) were used, with diarninobenzidine as the chromagen.
Bacteriology
At necropsy, all abdominal and thoracic organs are routinely surveyed bacteriologically unless the body shows signs of advanced autolysis. Left kidney and bladder contents are normally streaked onto blood-and ureaplasm agar plates for aerobic incubation and examined after 24 and 48 hr (blood agar) or 5 to 7 days (ureaplasm agar).
Results

Histopathological classification
The renal lesion in marmosets and tamarins involved glomeruli, tubules, and intertubular interstitial tissues.
Glomerular lesions. Glomerular changes were dominated by mesangial hyperplasia with increased amounts of mesangial matrix and argyrophilic fibers, and/or proliferation of mesangial cells (Fig. I ), In welldeveloped cases, mesangial hyperplasia involved the entire mesangial tree (axial proliferation), whereas in mild cases it was most pronounced at the mesangial hilus ( Fig. 2 ) and the extraglomerular continuum of the mesangium. Occasionally, the adjacent macula densa bulged into the distal tubular lumen.
Another site of glomerular change originated from Bowman's capsule. Quite often there was proliferation of the capsular epithelium with thickening, splitting, and hyalinization of the surrounding basement membrane ( Fig. 3 ).
In addition, adhesions were frequently present between Bowman's capsule and glomerular tufts (Fig. 2 ) as a result of mesangial expansion and capsular lesions. With progressing glomerular disease, a variable number of glomeruli became sclerotic in a global pattern ( Fig. 3 ). Segmental sclerosis was seen occasionally. The number of sclerotic glomeruli varied widely from none to the destruction of most glomeruli in other animals. The juxtamedullary glomeruli were usually the first and most severely affected, but with progression of the disease, more peripheral glomeruli were also destroyed.
Interstitial lesions. Interstitial cellular infiltrates were the most obvious renal lesions. The interstitial inflammation was most severe in the cortex, especially around the branches of arcuate veins. From this location the interstitial infiltrates, usually rounded or elongate, and in rare instances wedge-shaped, extended towards the peripheral cortex in more advanced cases. Only rarely did interstitial inflammation progress in a centipedal direction into medulla.
The infiltrates consisted of clusters of mononuclear cells, predominantly lymphocytes. They were accompanied by a varying proportion of plasma cells, polymorphonuclear granulocytes, and macrophages containing periodic acid-Schiff (PAS)-positive granules.
Tubular lesions. With progressing glomerular destruction and interstitial inflammation, damage to the tubules became apparent. Tubular basement membranes of individual nephrons were thickened and split. Both the basement membranes and tubular epithelia were frequently surrounded by inflammatory cells, frequently producing tubular atrophy. These changes were especially prominent around the ascending limb of the loops of Henle and the distal convoluted tubules.
Only in more advanced cases did interstitial inflammation extend into the proximal tubules or progress to periglomerulitis. Affected distal tubules were also frequently distended by PAS-positive proteinaceous casts. Similar glycoproteins were also present in the subpelvic loops of Henle and were presumed to be Tamm-Horsfall proteins. The PAS-positive casts in the distal tubules may have been Tamm-Horsfall pro-teins as well, but since uromucoids (Tamm-Horsfall proteins) recovered from pooled callithricid urine had only weak immunological cross reactivity with antihuman Tamm-Horsfall protein antisera (Behringwerke), no immunohistological studies to determine the nature of these casts have been attempted.
Incidence, species, and sex distribution of renal lesions
Renal lesions are summarized with tubular and interstitial lesions combined as tubulointerstitial nephritis ( Table 1) .
Although tubulointerstitial nephritis and mesangial proliferations usually occurred together, sometimes these two conditions were present separately. Therefore, the total number of animals affected by mesangial/tubulointerstitial nephropathy was 194 (9 1% of 2 13 animals), with an even sex distribution of 97 : 97. Uremia as a consequence of renal failure was determined in a somewhat crude way by the presence of gastritis with typical uremic odor, or sometimes in living animals by uremic-smelling breath. With more sophisticated methods the incidence might be higher.
Immuno histochemistry
Since neither species nor sex differences existed in the distribution of the mesangioproliferative/tubulointerstitial nephropathy of callithricids, all callithricids over 6 months of age were combined in the immunohistological studies.
Immunoglobulins. As a first step we looked for the possible role of immunoglobulins in the pathogenesis of mesangioproliferative/tubulointerstitial nephropathy of marmosets and tamarins. Results indicated IgM complexes to be the primary immunoglobulin present (1 00%) ( Table 2) .
IgM complexes were present in three sites: predominantly in the mesangium, occasionally along the glomerular capillary walls, and infrequently in hyaline casts.
The extent of IgM deposits varied, from diffuse distribution throughout the mesangial tree ( Fig. 4) to localization within the mesangial hilus. IgM deposits along capillary walls of glomerular tufts appeared either as finely granular or non-granular small areas or were distributed in a linear pattern along the region of the mesangial-endothelial interface.
Finally, IgM was occasionally demonstrated as a constituent of intratubular hyaline casts, in which they stained diffusely with a bright peripheral rim.
IgA deposits were demonstrated less frequently (33.3%) and usually less extensively. As observed with IgM, the IgA complexes were located primarily in the mesangium and occasionally in hyaline casts.
IgG was not demonstrated within the glomeruli, but was occasionally found in the cytoplasm of interstitial mononuclear cells (plasma cells) or, again, in hyaline casts. Complement proteins. The consistent demonstration of immunoglobulin deposits subsequently induced an investigation into the participation of the complement system in the trigger mechanism of the mesangial and/or tubulointerstitial lesions (Table 3) .
Distribution patterns of the complement components were somewhat different. C1, and C4 appeared as fine granules primarily located in the mesangium and occasionally in glomerular capillary loops, but never in interstitial tissues. In comparison, C3 was consistently prominently present along the cortical tubular basement membranes or interstitial capillaries ( Fig. 5 ) in a smooth linear pattern. Other sites of C3 positivity were the mesangium (1 0 x), the subepithelial parts of Bowman's capsule (6x), and the glomerular capillary loops (2 x).
Bacteriology
Bacterial infections (Escherichia coli, Proteus vulgaris, P. mirabilis) of the kidneys were found in eight animals that died from pyelonephritis, with or without an accompanying infection of the lower urinary tract. These animals, however, were omitted from the present study because pyelonephritis is an entity of its own. Animals with IgM mesangial nephropathy lacked evidence of bacterial renal infection. Ureaplasmas were isolated twice from the kidneys and once from the urinary bladder of marmosetdtamarins as an incidental finding.
Discussion
In the present study, approximately 91% of callitrichids necropsied at the German Primate Center (GPC) had lesions of a peculiar form of nephropathy characterized by subacute interstitial mononuclear infiltrates and mesangial proliferation. The animals were housed at several places in Germany; therefore, any special local factors can safely be excluded. Genetic or sexual influences on the frequency of the disease were also absent.
The frequent presence of interstitial mononuclear infiltrates was also reported in a large colony of common marmosets (Callithrix jacchus) in EnglandZ6az7 and have been previously mentioned by Deinhardt et al. I and Rocha et al. 25 The callithricid mesangioproliferative nephropathy was not associated with any distinctive clinical symptoms. However, when tested, up to 88% of callithricids examined had continuous or intermittent hematuria and/or proteinuria, with various types of urinary cast formation. L 2~1 3 Transient or continuous hematuria and/ or proteinuria are also hallmarks of human IgA or IgM nephropathies.
The mesangioproliferative nephropathy of callithricids is characterized by mesangiosclerosis, proliferation and sclerosis of Bowman's capsule, intraglomerular adhesions, and glomerular sclerosis and obsolescence, a finding in one-third of the cases. De-struction of increasing numbers of glomeruli finally caused or contributed to death in 20% of the animals.
The mesangial lesion is strongly associated with mesangal IgM deposits, accompanied by Cl,, C3, and C4 at the same sites, indicating classical complement pathway. With this pattern, activation through the callithricid mesangial nephropathy closely resembles human IgM nephropathy, which is also associated with the classical complement activation p a t h~a y . I~,~* The mesangial uptake of immunoglobulin deposits seemed to be preceded by linear accumulation of IgM along the glomerular capillary walls. Exclusively capillary IgM deposits were not associated with demonstrable mesangial disease, whereas combined capillary and mesangial deposits were. This might well indicate the uptake of circulating IgM, produced elsewhere in the body. Mesangial uptake of IgM, complexes induced mesangial hyperplasia which was first seen at the mesangial hilus and extraglomerular mesangium. Similarly, the IgM complexes concentrated at or were even limited to the same hilar areas. This suggests an obstruction of the mesangial particulate flow towards the efferent lymphatic vessels of the periglomerular tissues. The existence of such a transport mechanism for macromolecules through the mesangial intercommunicating matrix towards the vascular pole of the glomerulum is well known. 20 Immunocomplex nephropathy has only rarely been reported in nonhuman primates. It was not seen in rhesus monkeys, baboons, and tupaiids kept at the GPC and subjected to the same analytical procedures. IgM/IgG mesangio-membranous glomerulonephritis has been diagnosed in cynomolgus monkeys-Macaca fascicularis, 24 and IgM/IgG mesangioproliferative glomerulonephritis was reported in pigtailed macaques -Macaca nemestrina. 6~1 4 In man, idiopathic mesangioproliferative immune complex nephropathies belong to either the IgM-8~1 6~1 7~1 9 , 2 1 or the IgA-type (Berger's Those of IgM-type were either benign4x7 or caused frequent relapses or progression to renal f a i l u~e .~J~J~ IgM nephropathy was found in ~O / O ,~ YO,^ or 1 2%19 of renal biopsies, but in certain populations reached a frequency of ~O Y O .~~
The disease occurs predominantly in children and young a d~l t s ;~,~J~,~~ its cause in man is unknown.21 The sex incidence varies in different studies, with a slight predominance of males.19 Minimal glomerular disease (minimal nephrotic syndrome) may not be associated with light microscopical lesions despite the mesangial immune complex deposits. 1.7~16, 22, 29, 30 The role of the IgM deposits has therefore been que~tioned.'~ In cases described as mesangial proliferative glomerulonephritis, all glomeruli showed mesangial hypercellularity, while capillary loops were widely patent, and glomerular basement membranes were not split. 16 The disease might progress to segmental glomerulosclerosis, which is characterized by hyalinized, sclerotic glomeruli, although progression from minimal changes through mesangial proliferative glomerulonephritis has been debated. I 6 The main clinical features of IgM nephropathy in man are nephrotic syndrome, proteinuria, macro-or microhematuria, and finally, renal insufficiency and end-stage renal disease. 16~L7,21 Circulating IgM-immune complexes were detected in two-thirds of patients during the acute nephrotic phase, as were high levels of circulating C3 and C4 immune complexes. Cortical tubulointerstitial nephritis, which was an integral part of the IgM mesangial nephropathy of callithricids described herein, has also been reported in human IgM and IgA nephropathy, although seemingly not as a constant f a c t~r . '~J~ Similarly, in experimental chronic serum sickness of rabbits attributed to low constant antigen doses, tubulointerstitial pathology may be even more pronounced than glomerular lesions. 23 The suggested pathogenetic link between mesangial and interstitial pathology in man and callithricids is so far unknown. In the present series as well as in rabbits with chronic serum sickness, linear C3 staining along tubular basement membranes/ interstitial capillaries was striking. Failure of simultaneous demonstration of C1, and C4 and of immunoglobulins at these C3 activation sites suggests activation of C3 by the alternative complement pathway in the interstitial lesion.
The source and nature of the antigen inducing the mesangial IgM deposits and the subsequent lesions of callithricid IgM mesangioproliferative nephropathy are unknown. Almost any exogenous or endogenous antigen capable of remaining in the circulation long enough could trigger immune-complex formation; thus, suggestions to its identity can at the present time only be speculative.
